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ABSTRACT
Cantwell, Jonathan Richard, M.S., May 1980 Geology
A Gravity Study of the Blackfoot-Nevada Valley Area, North­
western Montana (39 p.)
Director: Dr. Anthony Qamar
One hundred and ninety-one gravity stations were used 
in the Blackfoot-Nevada Valley area to provide a distribu­
tion of about one station per 2.6 square kilometers (one 
station per square mile). The gravity data were reduced to 
terrain corrected, Bouguer anomaly values. The results of 
the gravity survey were interpreted to show an irregularly 
shaped structural basin ̂ rehding in a general northwest 
direction. A gravity low of about -10 milligals in the 
northwestern part of the basin may represent a west-north­
west trending graben, or downwarp, filled with an estimated 
1100 meters of valley deposits. The bottom of this depres­
sion rests at about 150 meters above sea level. In the 
southeastern part of the basin a gravity low of about -2 5 
milligals corresponds to about 2600 meters of valley depo­
sits in a north-trending graben. The bedrock surface below 
this anomaly probably lies at 1300 meters below sea level.
An average gravity gradient of 9 milligals per kilometer, 
negative to the west, parallels the east-northeastern margin 
of Nevada Valley and the eastern margin of Kleinschmidt Flat 
and indicates prominent zones of normal faults. The Swan 
fault, a major normal fault, extends more than 100 kilo­
meters in a north-northwest direction from the northwestern 
corner of the study area. The inferred fault zones in the 
study area are short (only several kilometers long) and have 
somewhat diverse orientations (trending from north to west- 
northwest) . This fault pattern indicates that the Swan 
fault probably terminates at the St. Marys fault, rather 
than continuing southward through the study area beneath 
valley deposits. The reason for this change in tectonic 
trend is not clearly understood, but may be related to an 
east-west trending fault in basement rock (Reynolds and 
Kleinkopf, 19 77) underlying the northern part of the study 
area.
Active faulting in the study area appears to be occur­
ring mostly on widely scattered, northwest to north-northwest 
trending normal faults. This interpretation is based on data 
gathered during a two-year period with a local seismograph 
array. The faulting is not restricted to faults in the 
valleys, but occurs in both the valleys and the adjacent 
mountains.
ii
ACKNOWLEDGEMENTS 
Special thanks go to Dr. Anthony Qamar and Dr. Robert 
Weidman for their support and guidance during this project, 
and to Dr. Thomas Margrave who read the final manuscript.
I am indebted to Dean Kleinkopf and Vicki Bankey of the 
U. S. Geological Survey, Denver for their assistance with 
the terrain corrections. I would like to thank Mike Stickney 
and other graduate students for their time ; John Cuplin for 
his suggestions on drafting and photography; and my wife. 
Holly, for her patience and encouragement.
m
TABLE OF CONTENTS
Page
A B S T R A C T........... ü
ACKNOWLEDGEMENTS...........................................Ü i
TABLE OF CONTENTS............................................ iv
LIST OF FIGURES AND P L A T E S .................................vi
CHAPTER
I. INTRODUCTION
Purpose of S t u d y .................  1
Location and Description of Area.................. 1
Previous W o r k ...................................... 3
II. GENERAL GEOLOGY
Geologic History of the Area.......................5
Bedrock of the Valley B o r d e r s .....................6
Tertiary and Quaternary Valley Deposits......... 7
Regional Structure..................................9
III. GRAVITY SURVEY
M e t h o d s ............................................ 14
Gravity Features................................... 17
Interpretations of Gravity Data ................ 18
IV. SEISMICITY IN THE STUDY AREA
General Background.................................25
Earthquake D a t a ................................... 26
Interpretations of Earthquake Data............. 2 8
V. CONCLUSIONS AND FURTHER STUDIES ..................  33
I V
Page
BIBLIOGRAPHY................................................. 36
APPENDICES
A. Gravity Data
B. Computer Program for Reducing Gravity Data
C . Results of Two-Dimensional Gravity Modelling
D. Computer Program for Two-Dimensional Gravity
Modelling
E. Outer Terrain Corrections for Gravity Stations
V
LIST OF FIGURES
Figure Page
1 Study area location ..................................  2
2 Generalized tectonic map of part of
western M o n t a n a .....................................
3 Faults along the northeastern margin
of the Blackfoot V a l l e y ..............................13
4 Gravity profile A-A *.................................. 20
5 Gravity profile B-B *.................................. 21
6 Epicenter locations in the northern part
of the Intermountain seismic b e l t .................. 26
7 Epicenter locations near the study area . . . . . .27
8 Composite fault plane solutions for
earthquakes near the study a r e a .....................29
9 Cross section showing the vertical dis­
tribution of hypocenters in theGreenough fault zone.................................. 30
10 Schematic representation of the specu­
lated movement among basement blocks
in western Montana.................................... 31
LIST OF PLATES
Plate
1 Complete Bouguer gravity and generalized 
geologic map of the Blackfoot-Nevada
Valley a r e a ................................... in pocket
2 LANDS AT image of part of western Montana............10
V I
chapter 1 
INTRODUCTION
Purpose of Study
A gravity survey was made in the Blackfoot-Nevada 
Valley area to determine the approximate depths of Tertiary 
and Quaternary cover and to locate possible subsurface 
faults. This information was compared with existing geo­
logic maps and seismic data to gain a better understanding 
of the regional structure.
Location and Description of Area
The map area lies in the northern part of Powell County 
about 80 km northeast of Missoula, Montana and encompasses 
the Blackfoot and Nevada Valleys, an intermontane basin 
about 500 square km in area (Fig. 1). The basin is about 40 
km long and 12 to 16 km wide with the long axis extending in 
a generally northwest direction.
Ridges and hills of glacial till, as well as outwash 
plains and kettle lakes, dominate the valley floor. Rugged 
mountains of the Swan Range present a bold steep front along 
the northeastern border of the basin. The slope of the front 
is moderately dissected by short perpendicular streams in all 
areas except for the valleys of Monture Creek and the North 
Fork of the Blackfoot River which extend well back into the 
mountains. The summits of the mountains, more than 2100 m in 
elevation, reach about 900 m above the basin floor. On the 
southwestern side of the basin the Blackfoot River flows
-2-
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Figure 1. Study area location. The gravity survey was 
made within the boxed area. Dashed lines in­
dicate approximate valley margins.
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northwestward along the irregular base of the more gradually 
rising Garnet Range. These mountains are characterized by 
steep-walled valleys and rolling uplands.
Previous Work
Previous gravity work in the map area was done at recon­
naissance scale by Wilson (1978). Kleinkopf and Mudge (1972) 
and Mudge and others (1968) made generalized geologic, mag­
netic, and gravimetric studies in the mountains northeast of 
the basin. The western part of the study area was covered by 
a magnetic survey made by Douglas (1973) during his investi­
gation of the Montana lineament. In a 24-month period, more 
than 100 earthquakes were recorded in the area by the Earth­
quake Research Laboratory of the University of Montana. Data 
from some of these events were interpreted by Stickney (1978)
Geologic maps and reports have been made for various 
parts of the study area and the surrounding region. Kauffman 
(1963), Pardee (1918), Brenner (1964), and Wallace and others 
(1977) worked in the Garnet Range. Clapp (19 36) examined the 
Belt stratigraphy and structure along the western side of the 
study area and Weber and Witkind (1977-79) mapped and de­
scribed surficial deposits in the valley.
Broad structural studies near the area were made by 
Harrison and others (in press) on Phanerozoic thrusting, by 
Harrison (1972) on the influence of tectonic features on the 
Precambrian Belt basin, by Mudge (19 70) on the disturbed belt
— 4 —
in northwestern Montana, by Smith (1965) on fundamental 
transcurrent faulting, by Weidman (1965) on the Montana 
lineament, and by Pardee (1950) on Late Cenozoic block 
faulting.
chapter II 
GENERAL GEOLOGY 
This chapter summarizes the geology studied to help in­
terpret the gravity data. Important points covered include 
the distribution and density of lithologie units and the 
description of major geologic structures.
Geologic History of the Area
The following discussion of the geologic history of the 
Blackfoot-Nevada Valley area is taken from the reports and 
maps of Pardee (1950), Kleinkopf and Mudge (19 72), Kauffman 
(1963), and Weber and Witkind (1977-79).
The map area is underlain by Precambrian sedimentary 
rocks of the Belt Supergroup which were folded and faulted 
to form mountains in late Cretaceous or early Tertiary time 
(the Laramide Revolution). At about the same time small 
stocks and dikes intruded the sedimentary units. Erosion 
during the Eocene reduced the mountains to a generally low 
surface of moderate relief upon which lower and middle Oli­
gocène deposits accumulated. Block faulting and tilting 
occurred intermittently during deposition and continued in 
late Oligocene and (or) early Miocene time, after which the 
region was deeply eroded.
The Swan and Garnet Ranges were uplifted in late Mio­
cene and Pliocene time by rapid and extensive block faulting. 
The climate at that time was dry enough that a through-going 
drainage system could not develop. Consequently, depressions
—6 —
filled with mud, sand, and gravel that washed off neighboring 
mountains. Before the end of Tertiary time shallow intru­
sions and volcanic eruptions occurred in the mountains bor­
dering the southwestern margin of the basin. During all, or 
nearly all, of Pleistocene time the climate was wet enough to 
maintain a through-going drainage and part of the valley-fill 
deposits was removed by erosion.
About 150,000 years ago the first of several Pleistocene 
ice advances spread glaciers southward over the valley from 
the Swan Range. The glaciers retreated and readvanced at 
least two more times before the last withdrawal about 20 ,0 00 
years ago. Plate 1 shows that deposits of glacial outwash 
and till cover most of the Tertiary valley-fill deposits 
north of Helmville. The low rolling hills which dominate the 
present valley floor were formed by the glaciers.
Bedrock of the Valley Borders
About 10 km of Precambrian sedimentary rocks underlie 
the Swan Range along the northern and northeastern margins of 
the basin (Mudge and others, 1974) . The rocks belong to the 
Belt Supergroup and include the following formations listed 
in order of decreasing age; Spokane, Empire, Helena, Snow- 
slip, Shepard, Mount Shields, Bonner, McNamara, and Garnet 
Range. All units consist mostly of argillites, siltites, and 
quartzites, except the Helena Dolomite and the Shepard Forma­
tion, which are mostly carbonate rock. A few diorite sills
—7 —
of Precambrian age and thin aplite dikes of probable Creta­
ceous age occur locally in these rocks near the northern edge 
of the map. A few miles east of Helmville two quartz monzo- 
nite stocks of probable Late Cretaceous age crop out in Pre­
cambrian sedimentary rocks.
The northwestern part of the Garnet Range borders the 
southwestern margin of the basin. Here the mountains are 
also underlain by rocks of the Belt Supergroup, but only the 
following formations are exposed; Snowslip, Shepard, Mount 
Shields, Bonner, and McNamara. These units are composed 
chiefly of argillites, siltites, and quartzites. Small 
bodies of quartz monzonite, associated with the Laramide 
orogeny, occur locally in the strata, and extensive Tertiary 
extrusives, consisting primarily of basalt and andésite, are 
near Helmville.
Density values often assigned to Belt Supergroup rocks 
range from 2.70 to 2.80 g/cm^ (Harrison and others, in press; 
Kleinkopf and Mudge, 19 72; and Davis and co-workers, 1963).
Davis and co-workers (196 3) determined densities of 2,4 to
3 32.7 g/cm for volcanic rock samples, and 2.6 to 3.2 g/cm for
granite and gabbro, respectively. These data and the <^istri- 
bution of sedimentary and igneous rocks suggest that the bed­
rock of the region probably has an average density of about
2.7 g/cm^.
Tertiary and Quaternary Valley Deposits
Most of the surficial deposits in the valley are allu-
—8 —
vium and glacial till. Presumably, these sediments rest on 
Tertiary valley-fill deposits that extend down to bedrock.
The exposure of Tertiary valley-fill (only about 5 percent of 
the valley surface) is limited almost entirely to the area 
around Helmville. These deposits consist of semiconsolidated 
to consolidated clays, shales, siltstones and conglomerate.
The term, alluvium, as used in this report, pertains to 
unconsolidated, stream deposits of silt, sand, and gravel. 
These deposits occur in glacial outwash plains, stream chan­
nels and terraces, and alluvial fans. Alluvium covers about 
45 percent of the valley and is Quaternary in age except for 
a few piedmont deposits which may be Tertiary in age.
Glacial till, featuring knob and kettle topography with 
many lakes and swamps, covers about 50 percent of the valley. 
The till consists of a heterogeneous assemblage of unsorted 
and unconsolidated cobbles and boulders in a silty to clayey 
matrix. The clasts are predominately Belt Supergroup quartz­
ites, argillites, and limestones. The maximum thickness of 
the till, roughly estimated from sparse well-log data, is 
about 45 to 50 meters.
A density of 2.2 g/cm^ was inferred for the valley de­
posits based on values used by Thompson (1962) and Cook and 
others (1964) for similar valley deposits. The density con­
trast between the valley deposits and the denser bedrock of 
the surrounding mountains is 0.5 g/cm^. This value was used 
by Lankston (1975) for a gravity study of the Bitterroot
-9-
Valley of westcentral Montana, where drilling confirmed the 
gravity“determined depths to bedrock (A, Qamar, personal com­
munication) .
Regional Structure
The Precambrian strata in the study area generally 
strike northwest and dip gently to moderately to the north­
east (Clapp, 19 36). Normal faults are common and often occur 
in zones of short segments several kilometers long (Fig. 1 
and PI. 1). Most faults in the study area are only approxi­
mately located because Quaternary cover masks their traces. 
Faulting probably began in late Cretaceous or early Tertiary 
time (Pardee, 19 50) and continues today as indicated by 
seismic activity. The faults in the area, as well as those 
throughout most of western Montana, probably follow zones of 
pre-existing weakness reaching into basement rock and dating 
back to the Precambrian (Harrison and others, 1974) .
Tectonics represented by faults in Figure 2 and Plate 2 
result from a complex series of events, many of which are 
neither well-dated nor well-understood. A zone of right 
slip, high angle faults (the Lewis and Clark line, referred 
to from now on as the line) forms a major feature and extends 
more or less from Spokane, Washington to Helena, Montana 
(Harrison and others, in press). Reynolds and Kleinkopf 
(19 77) interpret the line as a major intraplate tectonic 
boundary. Harrison and others (in press) cite recent evi-
— 10“
Plate 2. LANDSAT image of part of western Montana. Major 
tectonic features can be located by comparison with 
Figure 2. Study area outlined by black frame.
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Figure 2. Generalized tectonic map of part of western Montana. Compiled from maps by Mudge (1970), 
Weber and. Witkind (1977-79) , and Harrison and 
others (1974). Box shows study area.
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dence that ties the thrust patterns in the United States 
north of the line to those in the southern Canadian Rockies. 
They suggest that movement on the thrusts and 20 to 30 km of 
right slip along faults of the line were in response to the 
plate collision that began about 200 m.y. ago along the 
western continental margin.
The St. Marys fault approximates the northern boundary 
of the Lewis and Clark line near the study area. This fault, 
actually a series of aligned fault segments, trends about 
N70^W and extends almost 250 km across western Montana. 
According to Harrison and others (in press), the St. Marys 
fault has a large component of right slip. North of the 
fault, major, west dipping, high angle, normal faults of 
Cenozoic age cut south-southeast through a prominent thrust 
belt and terminate at, or north of, the St. Marys fault 
(PI. 2 and Fig. 2). The tectonic grain defined by these 
north-northwest trending normal faults shifts abruptly at the 
St. Marys fault to a west-northwest trend of a different set 
of normal faults south of the St. Marys fault.
In the map area Harrison's generalized St. Marys fault 
(in press) follows the northeastern margin of the Blackfoot 
Valley and appears to have some dip slip component down on the 
southwest. For example, Pardee (1950) mapped several high 
angle normal faults with their southwest sides downthrown 
along the base of the mountains bordering the northeast mar­
gin of the Blackfoot Valley. Figure 3 shows these faults
— 1 3—
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Figure 3. Faults mapped by Pardee (1950) along the north­
eastern margin of the Blackfoot Valley.
arranged en echelon between the North Fork of the Blackfoot 
River and Cottonwood Creek, Kleinkopf and Mudge (19 72) pro­
vide additional support for a dip slip component on the St. 
Marys fault near the northern margin of Kleinschmidt Flat 
with magnetic data. In that area, aeromagnetic contours 
parallel the fault and have a negative gradient of almost 
20 gammas/km to the south.
chapter III 
GRAVITY SURVEY
Methods
During the fall of 1979 and the spring of 19 80, 179 
gravity stations were established in the study area. These 
stations were tied in with U. S. Geological Survey work 
(Wilson, 1978) to make a total of 194 stations. Approxi­
mately 173 (9 0 percent) of the stations were made on the 
valley surface, providing a distribution of about one station 
per 2.6 square km (one station per square mi). The remaining 
stations were occupied in the side canyons and bordering 
mountains.
A Worden Pioneer gravimeter, with a small dial constant 
of 0.0 876 mgal per division (at 75^F) and a scale range of 
2200 divisions, was used for the survey. The small dial con­
stant (s.d.c.) varied with the temperature of the instru­
ment’s quartz element according to the relationship 
s.d.c. = 0.08718 + 6.333 X 10“^ (T) 
where T is the temperature of the quartz element in degrees 
Fahrenheit. Only large temperature variations produced 
significant differences in meter readings (a 50°F difference 
would alter the meter reading by about 0,5 mgal). Since air 
temperature during field observations ranged from 18 to 8I^F, 
corrections were made for variations of the s.d.c. The tem­
perature of the quartz element was assumed to be the same as 
the air temperature at each gravity station.
Station locations, elevations, and terrain corrections
-15-
were made with U. S . Geological Survey 7 1/2-minute topo­
graphic maps having either 20- or 40—foot contour intervals. 
Ninety percent of the stations were established at bench 
marks or other points of known elevation, while at the re­
maining 10 percent, elevations were obtained with an American 
Paulin T-5, 10,000-foot altimeter. Uncertainty in these ele­
vation measurements were a source of error in the computed 
Bouguer anomaly. Altimeter elevations may be as inaccurate 
as +10 feet, corresponding to an error in the Bouguer anomaly 
of +0.6 mgal. The error of the measurements was estimated by
running test trials between two points of known elevation.
In order to minimize error caused by weather-induced baro­
metric changes, measurements at stations of unknown eleva­
tion were made no more than 10 minutes after the altimeter
was set at a point of known elevation.
Another source of uncertainty was introduced by terrain 
corrections. Rolling hills in the valley, high relief of 
bordering mountains, and 20- to 40-foot contour intervals of 
the topographic maps made calculation of terrain corrections 
difficult. The corrections were made for all stations by 
hand template through Zone F (distances up to 89 4 m, or 29 36 
ft from the gravimeter) after Hammer (19 39) and from there to 
167 km (104 mi) by digital computer (U. S. Geological purvey,
3Denver) assuming an average rock density of 2.67 g/cm . Ter­
rain corrections ranged from 0.34 mgal near Browns Lake to 
5.39 mgals near the North Fork of the blackfoot River canyon.
—  1 6 “
with most averaging around 0.75 mgal. Estimated maximum 
error in the terrain corrections is less than 0.1 mgal for 
stations in the valley, while error at stations located in 
side canyons and along mountain slopes probably does not ex­
ceed 0.5 mgal. These figures were estimated by redeter­
mining terrain corrections through Zone F for various sta­
tions and noting the range of solutions.
Four base stations were used for the survey. Instru­
mental and diurnal drifts were determined by returning to 
base stations at two hour intervals. One station was set up 
as the master base station and the others tied to it by re- 
occupying each one at least three times, Absolute gravity 
at each station was determined by computing the mean differ­
ence of gravity at 38 stations shared between this survey 
and work of the U . S. Geological Survey. The mean differ­
ence was added to all observed gravity values of the survey. 
Since the U. S. Geological Survey work was referenced to 
base station ACIC 1200 of the International Gravity Stand­
ardization Net 1971 at Lincoln, Montana, the data of the 
present survey was consequently referenced to that absolute 
gravity base station (980347.35 mgals. Defense Mapping 
Agency Aerospace Center, 19 74) . After adjustment the n^ean 
difference of gravity at the 38 common stations was zero 
with a standard error of observation equal to 0.0 32 mgal.
The data were reduced to Free Air anomalies and com­
plete Bouguer anomalies using an average rock density of
— 1 7 —
2.6 7 g/cm^ for the Bouguer corrections and a change of 0.183 
mgal/m (0.06 mgal/ft) for the combined elevation plus Bouguer 
adjustment. Theoretical gravity values were computed for 
each station with the International Gravity Formula (given 
in Appendix B).
Gravity Features
Plate 1 shows an arcuate gravity low, concave southwest- 
ward, over the Cenozoic sedimentary deposits of the Black- 
foot and Nevada Valleys. This pattern conforms to the shape 
of the valley and contains three centers of low gravity lying 
along a northwest-trending line.
The gravity low in the northwest over Mud Lake, about 7 
km northwest of Ovando, has an amplitude of about -10 mgals. 
The anomaly is elongate with its long axis trending about 
N65°W. Gradients associated with it are comparatively low; 
the highest, located on the southwest side, is about 5 
mgals/km.
The largest negative anomaly, about -25 mgals, occurs 
over the Browns Lake area. It is slightly elongated along a 
north-trending axis. Gradients are steepest on its east and 
west sides; where they are about 10 mgals/km and 7 mgals/km, 
respectively. A very small gradient extends from the gravity 
low to the northern margin of Kleinschmidt Flat where it in­
creases to about 5 mgals/km.
The gravity low farthest to the southeast extends over
“ 1 8 "“
a smaller area than the low just described, but has a similar 
amplitude. A gradient of 8 mgals/km bounds the northeastern 
side of the low while the southwestern side averages about 3 
mgals/km.
Two interesting features seen on the gravity map are a 
distinct sigmoidal curve in the contours over the south­
western side of Nevada Valley and a prominent northeasterly 
pointing ”V" in the contours over the northeastern corner of 
Kleinschmidt Flat. These features are interpreted along with 
the negative anomalies in the next section.
Interpretation of the Gravity Data
The negative anomalies in the study area are interpreted 
as expressions of relief on the bedrock surface of structural 
basins filled with Tertiary and Quaternary valley deposits. 
Cross sections depicting subsurface geologic features were 
constructed normal to the axis of two negative anomalies 
(Fig. 4 and 5). Thicknesses of valley deposits along each 
line of section were estimated by determining models of the 
bedrock surface which provided theoretical gravity anomalies 
which matched the observed ones. The models were con­
structed with a two-dimensional computer program after Tai­
wan! and others (1959) (See Appendix D) . The slope angles of 
bedrock surfaces at the ends of the lines of section were 
modelled by matching the slopes of bedrock sufaces beyond the 
lines of section. Elsewhere along the lines of section, the
-19-
modelled bedrock slopes were kept below 4 5*̂  since most all 
mountain slopes are less than this. All computations were 
based on the following assumptions: (1) the bedrock to valley
deposit density contrast is 0.5 g/cm^; (2) the density con­
trast and bedrock relief produce all the residual anomalies; 
and (3) the anomalies and the inferred bedrock configuration 
extend infinitely, normal to the cross sections (two-dimen­
sional assumption).
The basis for assuming a density contrast of 0.5 g/cm^ 
was discussed on page 7 and 8. The second assumption is 
reasonable since the gravity contours over the valley con­
form to the shape of the valley and igneous rock bodies 
revealed by mapping and magnetic data have minor gravity ex­
pression. The fact that the anomalies and geologic features 
are not of infinite extent does not significantly affect the 
depth analysis. According to Nettleton (1976, p. 206) two- 
dimensional calculations can be applied to problems where 
distances on each side of the cross section are essentially 
2 or 3 times the depth of the section calculated. This con­
dition is met by cross sections A-A* and B-B* (Fig. 4 and 5, 
and PI. 1).
The negative gravity anomaly crossed by profile A-A*
(Fig. 4) is interpreted as a north-trending graben covered 
with about 2600 m of Tertiary and Quaternary deposits. The 
bedrock surface at the bottom of this closed depression rests 
at about 1300 m below sea level indicating that at least
(east)
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Figure 5. Diagrammatic cross section B-B' interpreted from gravity and geologic data.
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1300 m of vertical relief was produced by faulting, or down- 
warping, and not by erosion. North-trending zones of normal 
faults were inferred on both sides of the depression (PI. 1) , 
but unique fault locations could not be determined since the 
gravity stations were too widely spaced to allow fault scarps 
to be indentifled. The more steeply dipping bedrock surface 
on the eastern side of the depression indicates that more 
vertical fault offset occurred there than on the west side.
The sigmoidal curve in the gravity contours on the 
southwestern side of Nevada Valley (PI. 1) suggests that a 
bedrock high protrudes into the depression and abruptly nar­
rows the southeastern end of the basin. This rise in bedrock 
may be due, in part, to decreased displacement along the 
faults bordering this side of the valley. To the north and 
the north-northwest of cross section A-A*, gravity gradients 
suggest that the bedrock surface rises very gently from the 
depression and forms a broad saddle separating the depression 
near A-A* from the one at B-B* (Fig. 5).
The closely spaced gravity contours in the eastern part 
of the study area suggest that a major fault zone on the 
east-northeast side of Nevada Valley swings to a northv/ard 
trend along the east side of Kleinschmidt Flat (PI. 1). At 
the north end of Kleinschmidt Flat this zone appears to ter­
minate against an east-west trending fault zone. The gravity 
gradient associated with this latter zone is comparatively 
low (5 mgals/km), but evidence from geologic data (see east- 
west trending fault mapped in this area on PI. 1) and mag­
—2 3 —
netic data (Kleinkopf and Mudge, 1972) give additional sup­
port for its existence. This fault zone and the one on the 
east side of Kleinschmidt Flat have formed a down-dropped 
fault block below the Flat with a bedrock surface dipping 
gently to the south. The east-northeast pointing "V" formed 
by the gravity contours in the northeastern part of Klein­
schmidt Flat probably represent a buried, bedrock side can­
yon.
An analysis of the anomaly at B-B * indicates that it is 
a comparatively shallow, west-northwest trending, bedrock 
trough filled with about 1100 m of valley deposits. The 
bottom of the depression lies at about 150 m above sea level. 
Like the closed depression below Nevada Valley, this one 
probably formed by some faulting or downwarping, rather than 
entirely by erosion. Gravity gradients on the sides of the 
trough are, for the most part, gentle, but local steeping of 
the slopes on the bedrock profile may represent fault zones.
The approximate alignment of the depression at B-B* and 
the two depressions below the Nevada Valley suggests that 
they are parts of a structural unit. However, the large 
difference in bottom elevations of the depressions in the 
two valleys and the bedrock high (saddle) that separates them 
makes this a tenuous interpretation. Possibly the depres­
sions were a structural unit, but recurrent movement along 
faults, such as the ones in the zones bordering the eastward 
sides of Nevada Valley and Kleinschmidt Flat resulted in an
-24-
easterly tilting of the previous bedrock surface. It seems 
more likely though that the depressions in the Nevada Valley 
and the one in the Blackfoot Valley formed as separate struc­
tural units.
As shown on Plate 1, the inferred fault zones in the 
study area are short (only several kilometers long) and trend 
in a somewhat wide range of directions. This pattern con­
trasts to the linearity and trend of the north-northwest 
striking Swan fault which lies just north of the study area 
(Fig. 2). Perhaps this break in trend is related to the 
St. Marys fault, which may have prevented structural forces 
from creating similar tectonic patterns to its north and to 
its south.
chapter IV 
SEISMICITY OF THE STUDY AREA 
General Background
An analysis of the seismicity in the study area was 
undertaken to identify zones of active faults and their sense 
of movement, and to relate these zones, if possible, to 
mapped or inferred faults. A discussion of the data and the 
interpretations follows a brief summary of the regional seis­
micity .
The study area is located in a generally north-trending 
zone of seismicity in western United States termed the Inter­
mountain seismic belt (ISB) (Fig. 6). According to Smith and 
Sbar (1974), seismicity in the ISB is characterized by shal­
low focal depths, most less than 15 km, and by earthquake 
swarms. In Montana the ISB is defined by a zone of seismic 
activity about 80 km wide which extends south-southeastward 
from Flathead Lake, to the study area where it swings south­
eastward, through Helena and on to the Hebgen Lake-Ye1low- 
stone Park region.
Smith and Sbar (1974) propose that the ISB coincides 
with two subplates of the North American plate, which are 
the Northern Rocky Mountain and the Great Basin subplates 
(Fig. 6). The two subplates are separated from one another 
by an east-west boundary defined by the Idaho seismic zone. 
Fault plane solutions indicate that both subplates are 
moving westward with respect to the stable portion of the 
North American plate, while slowly drifting apart from one
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Figure 6. Epicenters for the northern part of the Intermountain seismic belt showing all 
earthquakes reported by National Oceanic 
and Atmospheric Administration (NOAA) of 
about magnitude 3.0 or greater from 1961 
through 19 70. Relative motions of sub­
plates indicated by large arrows. Study 
area in frame. Figure compiled from maps 
by Smith and Sbar (1974) .
another in a north-south direction.
Earthquake Data
Figure 7 shows the distribution of 107 earthquakes which 
occurred in the map area between October 19 74 and October 
19 76. The data were collected by the University of Monl^ana 
with an array of eight seismographs, five of which are shown 
in Figure 7. The earthquakes were widely scattered, shallow, 
and small (Stickne.y, 19 78) . The largest event had a magnitude 
of 2.6, but most did not have magnitudes exceeding 0.5. For 
events whose hypocenters could be determined, depths generally
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Figure 7. Map showing generalized geology and epicenter locations for earthquakes re­
corded by the seismograph array near the study area. The solid frame indi­
cates the study area; dashed frame shows the Greenough fault zone.
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fell between 5 and 15 km. According to Stickney (oral com­
munication) , crustal model seismic velocities were the larg­
est source of error in the epicenter locations. He estimated 
that the absolute earthquake locations shown in Figure 7 may 
vary by.5 km, depending on the crustal model used. However, 
he noted that the relative distances between the epicenters 
stayed about the same when different crustal models were used 
to compute the earthquake locations.
Interpretation of the Earthquake Data
The author found that no active fault zone could be 
closely defined by earthquake epicenters over the valley.
The densest group of epicenters within the valley was loca­
ted near the inferred fault zone on the northeastern margin 
of Nevada Valley (PI. 1). These earthquakes were combined 
into groups according to spatial and temporal proximity, but 
no well-defined, composite fault plane solution (CFPS) could 
be constructed from any combination of events (See Bath,
1973, for a discussion on the construction and interpretation 
of composite fault plane solutions.). This technique was 
tried on other groups of epicenters in the valley with the 
same result. The difficulty of determining fault plane solu­
tions for the small groups of epicenters was due to the low 
magnitudes of the events and the limited number of seismo­
graphs in the immediate area. These conditions would produce 
the tight clustering of P-wave first motions observed on the
-29-
equal area nets during preliminary studies.
Although unique delineation of active fault zones could 
not be worked out for small groups of earthquakes in the 
valley, a consistent pattern emerged from their first mo­
tions when all groups of earthquakes occurring in the valley 
were combined together. A total of 61 earthquakes were used 
for the CFPS (Fig. 8a) constructed for the combined groups. 
This CFPS may represent normal faulting along many northwest 
to north-northwest trending fault zones. Based on the scat­
tered locations of the epicenters and the short fault seg­
ments mapped in areas adjacent to the valley (Fig. 7) the
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a) CFPS for 61 earthquakes 
within the valley.
b) CFPS for the Greenough 
fault zone.
Figure 8. Composite fault plane solutions (CFPS) for earth­
quakes near the study area, o = dilatational P-wave first 
motion, # = compressional P-wave first motion, T = theo­
retical axis of minimum compression, P = theoretical axis 
of maximum compression. Preferred nodal plane locations 
shown by dashed lines. Figure 8a shows only one of many 
possible nodal planes since it is constructed from a^l 
earthquakes in valley. All plots are lower hemisphere 
equal area projections.
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faults concealed beneath the valley probably extend for only 
several kilometers before terminating or changing trend.
This interpretation agrees with the fault pattern inferred 
from the gravity data.
An active fault zone, the Greenough fault zone, was in­
terpreted from earthquakes occurring in the mountains about 
20 km southwest of Ovando (Fig. 7). Twelve earthquakes 
occurred in an area measuring 3 by 11 km. Eight of these 
quakes happened within a 4 3-day period. Figure 8b shows a 
north-northwest trending normal fault for this active zone.
An east-northeast trending vertical cross section, indicating 
the position of some of the hypocenters for the earthquakes
C C*
Km
Km
Figure 9. Cross section, C-C* 
from Figure 7, showing the 
vertical distribution of hypo­
centers for earthquakes in the 
Greenough fault zone. Error 
bars indicate uncertainties in 
hypocenter locations. Hypo­
centers without error esti­
mates are shown with an "X".
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(Fig, 9)y suggssts wGakly that tha fault dips to th© south­
west .
The theoretical axes of minimum and maximum compressive 
stress (T and P axes in Figure 8) for the two CFPS in this 
study are compatible with those of Stickney (1978) and 
Friedline and others (1976), who interpreted northeast- 
southwest trending T axes for earthquakes in the Helena- 
Marysville-Avon area. However, as Stickney points out, the 
apparent tensional axes could differ significantly from the 
actual direction of minimum stress if faulting is occurring 
along pre-existing zones of weakness. The observed tension 
axes could be produced by a wide zone of right-lateral shear
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Figure 10. Schematic representation of hypothetical move­ment among fundamental zones of weakness in 
basement blocks in part of western Montana- 
Heavy lines show zones of weakness, large arrows 
indicate the amount of relative movement between 
basement blocks, and small arrows show shear 
directions.
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trending about east-west. This is a reasonable interpreta­
tion since west-northwest trending zones of weakness in the 
Lewis and Clark line pass through the region. A possible 
source for the right-lateral shear stress is a northward 
decrease in westward movement among large blocks of basement 
rock (Fig. 10). The differential movement may be in response 
to the separation of the Northern Rocky Mountain subplate 
from the stable portion of the North American craton.
chapter V 
CONCLUSIONS AND FURTHER STUDIES
1. The negative gravity anomalies over the Blackfoot 
and Nevada Valleys represent depressions in bedrock which 
resulted from faulting and/or downwarping.
2. Tertiary and Quaternary valley deposits reach a 
maximum thickness of about 2600 m near the southeastern 
part of the basin.
3. One or more prominent normal fault zones are con­
cealed beneath valley deposits along the east-northeastern 
margin of Nevada Valley and the eastern margin of Klein­
schmidt Flat.
4. The irregular trend of the inferred fault zones 
in the basin contrasts with the linearity and trend of the 
north-northwest striking Swan fault located just north of 
the study area.
5. Earthquake data and existing geologic data suggest 
that faulting in the study area occurs along short, north­
west to north-northwest trending normal faults located in 
the valleys and the adjacent mountains.
During the gravity study of the Blackfoot-Nevada Valley 
area, problems developed which require further investigation. 
One problem pertains to the prominent inferred fault zones 
along the eastward margins of the Nevada Valley and Klein-
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schmidt Flat. The number and distribution of normal faults 
in these zones are unclear. If a line of closely spaced 
gravity stations (about one quarter of a kilometer apart) 
was made across and normal to each zone, the nature of the 
faults would be better known.
Another problem is associated with the depth of the 
Tertiary valley“fill deposits in the Nevada Valley. The 
greatest thickness of deposits, located below the negative 
gravity anomaly crossed by cross section A-A* (PI. 1 and 
Fig. 4), is estimated at about 2600 m. As previously 
stated, this depth was computed with a two-dimensional cal­
culation system using an assumed density contrast of 0.5 
g/cm^. By modelling this closed depression (that is, a 
depression without infinite extent) with a two-dimensional 
calculation system, the thickness estimates are probably
3slightly low. Having used a density contrast of 0.5 g/cm 
may have also caused the thickness estimates to be low.
Based on reasons given on pages 7-9 the author used 0.5 
g/cm^, but the great thickness of deposits might have caused 
substantial compaction of the sediments at depth making the 
average density contrast less than this value (0.5 g/cm^). 
Therefore, the gravity model for cross section A-A* pipobably 
represents an "minimum thickness" model for the valley-fill 
deposits. To determine the thickness of these deposits more 
accurately, a seismic refraction, or reflection, study is
-35-
needed.
An additional problem about the depth of the valley- 
fill deposits in the Nevada Valley concerns their age. The 
deposits which crop out in the HeImvilie-Browns Lake area 
(PI. 1) are Oligocene in age (R. Fields, personal communi­
cation) . Since deposition of Tertiary valley-fill deposits 
probably began in late Eocene, it seems unlikely that a 
thickness of sediments as great as about 2000 m, or more, 
could accumulate by Oligocene time. This problem is further 
complicated by the "minimum thickness" model for the valley- 
fill deposits discussed in the previous paragraph-
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Appendix A 
GRAVITY DATA
The following tabulation contains the principal facts 
for all 194 gravity stations used to present the complete 
Bouguer gravity anomaly map (Plate 1) of the Blackfoot-Nevada 
Valley area. Stations 1-179 were made by the author while 
stations numbered 180-194 were incorporated from a survey 
conducted by D. Wilson (1978). For details of field methods 
and data reduction, see pages 14-16. Explanations for the 
headings in the tabulation are :
STA.
LAT.
LONG.
ELV.
DBS.
THEOR.
EL.CR.
F.AIR
B.CR. 
T.C.
C.B.AN
Gravity station number.
North latitude in degrees and 
decimal degrees.
West longitude in degrees and 
decimal degrees.
Elevation in feet (to convert to 
meters, multiply by 0.3048).
Observed gravity in milligals.
Theoretical_gravity in milligals.
Elevation correction in milligals.
Free-air anomaly in milligals.
Bouguer correction in milligals.
Terrain correction in milligals.
Complete Bouguer anomaly in milli­gals .
STA. LAT. LONG. ELV. UBS. THEOR. + EL.CR. = F.AIR + B.CR. + T.C. = C.B.AN
1 46.9188 12.9715 4309 980352.32 980792.62 405.30 -34.99 -146.81 .56 -181.24
2 46.9188 12.9531 4374 980351.74 980792.62 411.42 -29.45 -149.02 .67 -177.81
3 46.9336 - 12,9529 4318 980365.56 980793.95 406.15 -22.24 -147.11 1.03 -168.33
4 46.9425 - 12.9464 4314 980374.70 980794.76 405.77 -14.28 -146.98 4.57 -156.69
5 46.9478 - 12.9584 4386 980368.41 980795.24 412.55 -14.28 -149.43 2.87 -160.84
6 46.9188 - 12.9971 4277 980355.55 980792.62 402.29 -34.77 -145.72 .41 -180.08
7 46.9197 - 13.0170 4287 980355.73 980792.70 403.24 -33.74 — 146.06 .41 -179.39
8 46.9186 - 13.0487 4333 980349.38 980792.60 407.56 -35.66 -147.63 .37 -182.92
9 46.9330 - 13.0722 4374 980352.42 980793.90 411.42 -30.06 -149.02 .38 -178.70
10 46.9331 - 13.1044 4377 980366.62 980793.91 411.70 -15.59 -149.12 .69 -164.02
11 46.9682 - 12.9952 4325 980351.09 980797.08 406.81 -39.17 -147.35 .58 -185.95
12 46.9461 - 13.0101 4296 980347.81 980795.08 404.08 -43.19 -146.36 .42 -189.14
13 46.9476 - 13.0209 4298 980347.59 980795.22 404.27 -43.36 -146.43 .43 -189.36
14 46.9476 - 13.0485 4318 980348.95 980795.22 406.15 -40.12 -147.11 .34 -186.89
15 46.9477 - 13.0805 4330 980359.77 980795.23 407.28 -28.17 -147.52 .39 -175.31
16 46.9546 - 13.0914 4343 980365.88 980795.85 408.50 -21.48 -147.97 .52 -168.92
17 46.9664 - 12.9686 4335 980367.28 980796.92 407.75 -21.89 -147.69 2.88 -166.70
18 46.9744 - 12.9733 4379 980359.95 980797.64 411.89 -25.80 -149.19 1.12 -173.87
19 46.9915 - 12.9849 4224 980364.62 980799.18 397.31 -37.26 -143.91 .94 -180.23
20 46.9914 - 13.0058 4201 980366.39 980799.18 395.15 -37.64 -143.13 . 68 -180.08
21 46.9966 - 13.0273 4180 980371.81 980799.65 393.17 -34.66 -142.41 .63 -176.44
22 47.0201 - '13.0062 4222 980371.80 980801.77 397.12 -32.85 -143.84 .95 -175.74
23 47.0200 - 12.9850 4259 980367.41 980801.76 400.60 -33.74 -145.10 1.10 -177.75
24 47.0201 - 12.9638 4295 980368.13 980801.77 403.99 -29.65 -146.33 1.15 -174.83
25 47.0353 - 12.9639 4350 980370.41 980803.14 409.16 -23.57 -148.20 1.28 -170.49
26 47.0462 - 12.9637 4400 980373.41 980804.12 413.86 -16.85 -149.91 1.67 -165.09
27 47.0582 12.9532 4450 980378.57 980805.21 418.57 -8.07 -151.61 3.17 -156.51
28 47.0773 - '12.9570 4523 980376.30 980806.93 425.43 -5.21 -154.10 5.39 -153.92
29 47.0058 - 13.0061 4197 980370.38 980800.48 394.77 -35.32 -142.99 .80 -177.51
30 47.0203 12.9443 4318 980384.66 980801.79 406.15 -10.97 -147.11 1.65 -156.44
31 47.0334 12.9272 4333 980381.88 980802.97 407.56 -13.52 -147.63 2.37 -158.78
32 47.0490 - '12.9217 4390 980375.75 980804.38 412.92 -15.71 -149.57 2.79 -162.48
33 47.0614 12.9214 4396 980384.37 980805.50 413.49 -7.65 -149.77 3.16 -154.26
34 47.0056 12.9636 4257 980367.71 980800.46 400.41 -32.33 -145.04 1.37 -176.00
ST A. LAT. LONG. ELV. OBS. THEOR. + EL.CR. = F.AIR + B.CR. + T.C. = C.B.AN
35 47.0056 13.0803 4225 980372.32 980800.46 397.40 -30.73 -143.95 .71 -173.97
36 46.9973 13.0891 4183 980374.92 980799.71 393.45 -31.33 -142.51 .71 -173.14
37 46.9775 - 13.0877 4135 980377.80 980797.92 388.94 -31.19 -140.88 .82 -171.25
38 46.9912 13.1079 4184 980380.66 980799.16 393.55 -24.95 -142.55 .67 -166.83
39 47.0056 13.1064 4170 980383.30 980800.46 392.23 -24.93 -142.07 .58 -166.43
40 47.0056 - 13.1333 4111 980388.30 980800.46 386.68 -25.47 -140.06 .63 -164.91
41 47.0202 - 13.1074 4207 980382.84 980801.78 395.71 -23.22 -143.33 .84 -165.71
42 47.0346 - 13.0994 4323 980377.41 980803.08 406.62 -19.04 -147.28 .77 -165.55
43 47.0476 - 13.0438 4440 980368.45 980804.25 417.63 -18.17 -151.27 1.63 -167.81
44 47.0458 - 13.0794 4459 980369.52 980804.09 419.41 -15.16 -151.92 1.03 -166.05
45 47.0491 - 13.1011 4384 980374.24 980804.39 412.36 -17.79 -149.36 .97 -166,18
46 47.0817 - 13.1545 4090 980388.49 980807.33 384.71 -34.14 -139.35 1.60 -171.88
47 47.0723 - 13.1339 4208 980382.19 980806.48 395.80 -28.49 -143.37 1.48 -170.38
48 47.0574 - 13.1294 4197 980382.07 980805.14 394.77 -28.29 -142.99 1.07 -170.21
49 47.0258 - 13.1331 4106 980386.02 980802.28 386.21 -30.05 -139.89 .89 -169.05
50 47.0419 - 13.1754 4056 980393.95 980803.74 381.51 -28.28 -138.19 .79 -165.68
51 47.0424 - 13.2139 4004 980400.98 980803.78 376.62 -26.18 -136.42 .96 -161.64
52 47.0178 - 13.2389 3918 980406.63 980801.56 368.53 -26.41 -133.49 1.07 -158.83
53 47.0054 - 13.2386 3985 980401.62 980800.44 374.83 -23.99 -135.77 1.43 -158.33
54 46.9928 - 13.2080 4307 980381.59 980799.30 405.12 -12.59 -146.74 1.97 -157.36
55 46.9415 13.1296 4405 980370.84 980794.67 414.33 -9.50 -150.08 1.93 -157.64
56 46.9543 - 13.1321 4423 980370.81 980795.82 416.03 -8.98 -150.69 1.92 -157.75
57 46.9963 -  '13.2316 4076 980395.30 980799.62 383.39 -20.92 -138.87 1.68 -158.11
58 47.0248 13.3039 3874 980407.78 980802.19 364.39 -30.02 -131.99 1.46 -160.55
59 47.0326 - 13.2320 3983 980402.70 980802.90 374.64 -25.55 -135.70 .76 -160.49
60 47.1211 - 13.3178 4321 980386.28 980810.89 406.43 -18.18 -147.22 2.14 -163.25
61 47.1139 13.3233 4278 980389.59 980810.24 402.39 -18.26 -145.75 1.67 -162.34
62 47.1014 13.3311 4235 980391.99 980809.11 398.34 -18.77 -144.29 1.11 -161.95
63 47.1002 13.3691 4281 980388.95 980809.00 402.67 -17.38 -145.85 1.01 -162.23
64 47.1068 13.3231 4242 980391.17 980809.60 399.00 . -19.43 -144.52 1.40 -162.55
65 47.1066 - 13.3011 4238 980389.41 980809.58 398.63 -21.55 -144.39 1.25 -164.69
66 47.1067 13.2923 4233 980388.69 980809.59 398.16 -22.74 -144.22 1.31 -165.65
67 47.1068 13.2813 4214 980390.99 980809.60 396.37 -22.24 -143.57 1.45 -164.36
68 47.0308 13.2600 3956 980404.99 980802.73 372.10 -25.64 -134.78 .93 -159.49
ST A. LAT. LONG. ELV. OBS. THEOR. + EL.CR. = F.AIR + B.CR. + T.C. = C.B.AN
69 47.0506 -113.2601 4017 980400.48 980804.52 377.84 -26.21 -136.86 .76 -162.31
70 47.0634 -113.2600 4057 980396.91 980805.68 381.60 -27.16 -138.22 .77 -164.61
71 47.0760 -113.2469 4138 980390.02 980806.82 389.22 -27.57 -140.98 .92 — 167.64
72 47.0741 -113.2330 4176 980383.59 980806.64 392.79 -30.26 -142.28 .87 -171.67
73 47.0678 -113.2176 4182 980380.77 980806.08 393.36 -31.94 -142.48 .75 -173.67
74 47.0634 -113.2081 4130 980385.12 980805.68 388.47 -32,09 -140.71 .76 -172.04
75 47.0548 -113.1965 4068 980392.64 980804.90 382.64 -29.63 -138.60 .78 -167.44
76 47.0519 -113.2789 4010 980399.77 980804.64 377.18 -27.69 -136.62 1.37 -162.95
77 47.0619 -113.2919 4082 980397.12 980805.54 383.95 -24.47 -139.07 .90 -162.65
78 47.0626 -113.3112 4449 980377.63 980805.61 418.47 -9.50 -151.58 1.11 -159.97
79 47.0778 -113.2904 4104 980393.99 980806.98 386.02 -26.96 -139.82 1.12 -165.67
80 47.0924 -113.2950 4171 980394.98 980808.30 392.32 -20.99 -142.11 1.33 -161.77
81 46.8754 -112.9308 4300 980342.85 980788.70 404.46 -41.38 -146.50 .99 -186.90
82 46.8612 -112.9125 4365 980342.57 980787.41 410.57 -34.27 -148.72 1.26 -181.73
83 46.8361 -112.8963 4410 980355.09 980785.15 414.80 -15.25 -150.25 1.76 -163.74
84 46.8268 -112.8722 4441 980358.02 980784.31 417.72 -8.57 -151.30 2.00 -157.88
85 46.8261 -112.8928 4448 980353.48 980784.24 418.38 -12.39 -151.54 2.61 -161.32
86 46.8316 -112.9235 4460 980349.39 980784.74 419.51 -15.84 -151.95 1.56 -166.23
87 46.8408 -112.9378 4461 980344.63 980785.57 419.60 -21.34 -151.99 1.23 -172.09
88 46.8606 -112.9485 4350 980342.84 980787.36 409.16 -35.35 -148.20 .74 -182.82
89 46.9115 -112.9531 4392 980346.78 980791.96 413.11 -32.07 -149.64 .61 -181.09
90 46.9044 -112.9526 4374 980346.39 980791.32 411.42 -33.50 -149.02 .84 -181.69
91 46.8931 -112.9418 4394 980340.91 980790.30 413.30 -36.09 -149.70 .70 -185.10
92 46.8862 -112.9350 4344 980341.80 980789.67 408.60 -39.27 -148.00 .75 -186.52
93 46.8646 -112.9628 4306 980348.77 980787.72 405.02 -33.92 -146.71 .75 -179.88
94 46.8647 -112.9747 4316 980350.35 980787.73 405.96 -31.42 -147.05 .57 -177.89
95 46.8610 -112.9858 4321 980351.09 980787.40 406.43 -29.88 -147.22 .56 -176.54
96 46.8608 -113.0064 4329 980351.31 980787.38 407.19 -28.88 -147.49 .55 -175.82
97 46.8743 -113.0278 4289 980360.07 980788.60 403.42 -25.11 -146.13 .59 -170.64
98 46.9042 -113.0597 4270 980358.81 980791.30 401.64 -30.85 -145.48 .50 -175.83
99 46.8899 -113.0545 4328 980364.64 980790.01 407.09 -18.27 -147.45 .57 -165.16
100 46.8901 -113.0736 4296 980363.91 980790.03 404.08 -22.04 -146.36 .88 -167.53
101 46.8875 -113.0929 4427 980360.67 980789.79 416.40 -12.71 -150.83 1.65 -161.89
102 46.9008 -113.1097 4399 980363.66 980790.99 413.77 -13.56 -149.87 1.34 -162.10
STA. LAT. LONG. ELV. OBS. - THEOR. + EL.CR, = F.AIR + B.CR. + T.C. = C.B.AN
103 46.8861 -113.0493 4319 980364.84 980789.66 406.25 -18.58 -147.15 .59 -165.14
104 46.8753 -113.0378 4313 980362.37 980788.69 405.68 -20.64 -146.94 .65 -166.94
105 46.8575 -112.9697 4346 980347.66 980787.08 408.78 -30.64 -148.07 .67 -178.04
106 46.8483 -112.9825 4378 980348.31 980786.25 411.79 -26.14 -149.16 . 66 -174.64
107 46.8341 -112.9914 4474 980345.69 980784.97 420.82 -18.45 -152.43 .85 -170.03
108 46.8266 -.113.0109 4459 980351.38 980784.29 419.41 -13.50 -151.92 .82 -164.60
109 46.8187 -113.0406 4449 980351.05 980783.57 418.47 -14.05 -151.58 1.30 -164.33n o 46.8535 -112.9644 4389 980344.34 980786.72 412.83 -29.55 -149.53 .70 -178.391 1 1 46.8739 -112.9682 4289 980350.67 980788.56 403.42 -34.47 -146.13 .57 -180.021 1 2 47.0421 -113.2596 3949 980403.80 980803.75 371.44 -28.51 -134.54 .88 -162.17
113 47.0882 -113.2495 4211 980384.67 980807.92 396.09 -27.16 -143.47 .98 -169.65
114 47.0923 -113.2590 4177 980388.99 980808.29 392.89 -26.41 -142.31 1 . 1 2 -167.60
115 47.1021 -113.2652 4210 980393.31 980809.17 395.99 -19.87 -143.43 1.49 -161.81
116 47.1358 -113.3233 4691 980359.23 980812.22 441.24 -11.75 -159.82 2.23 -169.35
117 47.0417 -113.1316 4124 980383.02 980803.72 387.90 -32.79 -140.50 1.13 -172.16
118 47.0833 -113.1089 4584 980363.03 980807.48 431.17 -13.27 -156.18 1.80 -167.65
119 47.0769 -113.0944 4566 980362.73 980806.90 429.48 -14.69 -155.56 1.92 -168.341 2 0 47.0703 -113.1151 4382 980373,05 980806.30 412.17 -21.08 -149.29 1.71 -168.671 2 1 47.1179 -113.1453 4124 980399.48 980810.60 387.90 -23.21 -140.50 3.68 -160.031 2 2 47.0148 -113.0682 4278 980371.67 980801.29 402.39 -27.23 -145.75 .70 -172.28
123 47.0270 -113.0626 4313 980372.73 980802.39 405.68 -23.98 -146.94 .96 -169.97
124 47.0346 -113.0524 4384 980368.96 980803.08 412.36 -21.76 -149.36 1.03 -170.09
125 47.0069 -113.0486 4163 980377.31 980800.58 391,57 -31.69 -141.83 .74 -172.79
126 47.0195 -113.0356 4201 980377.31 980801.71 395.15 -29.25 -143.13 1 . 1 2 -171.26
127 47.1494 -113.3139 4611 980367.25 980813.44 433.71 -12.48 -157.10 4.73 -164.85
128 47.1280 -113.2804 4651 980363.95 980811.51 437.47 -10.09 -158.46 4.11 -164.44
129 47.1222 -113.2600 4835 980354.07 980810.99 454.78 -2.14 -164.73 3.51 -163.35
130 47.0305 -113.2721 3934 980406.24 980802.71 370.03 -26.43 -134.03 1.07 -159.39
131 47.0436 -113.1968 4001 980402.20 980803.89 376.33 -25.36 -136.31 1.15 -160.52
132 47.0002 -113.0354 4159 980374.88 980799.97 391.20 -33.90 -141.70 .74 -174.86
133 46.9925 -113.0179 4186 980369.59 980799.28 393.74 -35.95 -142.62 .63 -177.94
134 46.9871 -113.0057 4204 980365.09 980798.79 395.43 -38.26 -143.23 . 66 -180.83
135 46.9836 -112.9983 4217 980363.17 980798.47 396.65 -38.65 -143.67 .76 -181.56
136 46.9188 -112.9852 4286 980354.98 980792.62 403.14 -34.50 -146.02 .50 -180.02
STA. LAT. LONG. ELV. OBS • — THEOR. + EL.CR. = F.AIR + B.CR. + T.C. = C.B.AN
137 46.9189 -112.9639 4346 980350.4& 980792.63 408.78 -33.36 -148.07 .58 -180.85
138 46.9466 -112.8997 4343 980378.74 980795.13 408.50 -7.89 -147.97 3.10 -152.75
139 46.9400 -112.8824 4348 980377.69 980794.53 408.97 -7.87 -148.14 2.82 -153.19
140 46.9437 -112.9263 4337 980377.45 980794.87 407.94 -9.48 -147.76 4.91 -152.33
141 46.9335 -112.9427 4318 980370.66 980793.95 406.15 -17.13 -147.11 1.60 -162.65
142 46.8783 -112.9115 4466 980337.16 980788.96 420.07 -31.72 -152.16 1.23 -182.65
143 46.8818 -112.9014 4553 980337.75 980789.28 428.26 -23.27 -155.12 1.66 -176.73
144 46.8944 -112.9239 4361 980344.10 980790.41 410.20 -36.12 -148.58 .99 -183.71
145 46.9044 -112.9211 4416 980346.28 980791.32 415.37 -29.67 -150.45 1.26 -178.86
146 46.9130 -112.9067 4935 980328.80 980792,09 464.19 0.89 -168.14 2.71 -164.54
147 47.0200 -112.9516 4295 980375.70 980801.76 403.99 -22.08 -146.33 1.37 -167.04
148 47.0202 -112.9956 4249 980369.78 980801.78 399.66 -32.33 -144.76 .97 -176.12
149 47.0708 -113.1965 4086 980385.20 980806.35 384.33 -36.82 -139.21 .92 -175.11
150 47.0882 -113.1972 4120 980386.34 980807.92 387.53 -34.06 -140.37 1.30 -173.13
151 47.0634 -113.1788 4041 980388.07 980805.68 380.10 -37.51 -137.68 .97 -174.22
152 47.0523 -113.1754 4024 980391.82 980804.68 378.50 -34.36 -137.10 .92 -170.53
153 47.0366 -113.1598 4060 980391.45 980803.26 381.88 -29.93 -138.32 .83 -167.42
154 47.0056 -113.1547 4077 980393.44 980800.46 383.48 -23.54 -138.90 .73 -161.71
155 47.0056 -113.1714 4036 980398.38 980800.46 379.63 -22.45 -137.51 .95 -159.01
156 47.0131 -113.1269 4099 980386.85 980801.14 385.55 -28.73 -139.65 .68 -167.70
157 47.0346 -113.1331 4140 980382.52 980803.08 389.41 -31.16 -141.05 .70 -171.51
158 47.0508 -113.1295 4147 980383.55 980804.54 390.07 -30.92 -141.29 1.02 -171.18
159 47.0636 -113.1324 4226 980380.07 980805.70 397.50 -28.13 -143.98 1.15 -170.96
160 47.0839 -113.1436 4187 980385.91 980807.53 393.83 -27.79 -142.65 1.91 -168.54
161 47.0922 -113.1436 4154 980394.20 980808.28 390.73 -23.35 -141.53 3.74 -161.14
162 46.9854 -112.9747 4426 980356.69 980798.63 416.31 -25.63 -150.79 1.10 -175.33
163 46.9973 -112.9636 4405 980359.27 980799.71 414.33 -26.11 -150.08 1.34 -174.85
164 47.0462 -112.9850 4343 980373.44 980804.12 408.50 -22.19 -147.97 1.81 -168.34
165 46.9335 -112.9638 4291 980360.46 980793.95 403.61 -29.88 -146.19 .78 -175.29
166 46.9334 -112.9849 4275 980358.14 980793.94 402.11 -33.69 -145.65 .52 -178.82
167 46.9044 -112.9799 4279 980355.27 980791.32 402.48 -33.57 -145.79 .46 -178.89
168 46.9261 -113.0173 4318 980350.88 980793.28 406.15 -36.25 -147.11 .35 -183.02
169 46.9192 -113.0275 4298 980355.02 980792.65 404.27 -33.36 -146.43 .35 -179.44
170 46.9115 -113.0278 4279 980358.62 980791.96 402,48 -30.86 -145.79 .37 -176.27
STA. LAT, LONG. ELV. DBS • - THEOR. + EL.CR. = F.AIR + B.CR. + T.C. = C.B.AN
171 46.9047 -113.0297 4253 980362.14 980791.34 400.04 -29.16 -144.90 .42 -173.64
172 46.9332 -113.0914 4352 980360.14 980793.92 409.35 -24.43 -148.27 .50 -172.20
173 46.9417 -113.0786 4343 980357.31 980794.69 408.50 -28.87 -147.97 .43 -176.41
174 46.9641 -113.0911 4350 980366.71 980796.71 409.16 -20.83 -148.20 .43 -168.61
175 46.9332 -113.0061 4311 980350.63 980793.92 405.49 -37.79 -146.88 .39 -184.28
176 46.9810 -113.0698 4198 980368.38 980798.24 394.86 -34.99 -143.03 .71 -177.30
177 46.9802 -113.0595 4228 980363.10 980798.16 397.69 -37.38 -144.05 .47 -180.95
178 46.9840 -113.0484 4198 980364.30 980798.51 394.86 -39.34 -143.03 .49 -181.88
179 46.9191 -112.9214 4891 980330.46 980792.65 460.05 -2.14 -166.64 1.33 -167.44
180 46.8067 -112.8137 4554 980344.16 980782.48 428.35 -9.97 -156.68 2.92 -163.77
181 46.8027 -113.0598 4561 980341.82 980782.12 428.78 -11.52 -156.91 79 -167.64
182 46.8862 -113.0873 4410 980359.82 980789.67 414.59 -15.26 -151.74 1.73 -165.27
183 46.8738 -113.0283 4279 980360.11 980788.55 402.48 -25.96 -145.79 .59 -171.16
184 46.9855 -113.1638 4075 980397.04 980798.64 383.11 -18.49 -140.26 2.31 -156.44
185 46.9652 -112.9688 4320 980367.05 980796.80 406.14 -23.61 -148.66 2.88 -169.39
186 47.1067 -113.2713 4204 980392.01 980809.58 395.23 -22.34 -144.68 1.48 -165.54
187 47.0485 -113.3660 4581 980384.22 980804.33 430.66 10.55 -157.60 .55 -146.50
188 47.0123 -113.3255 3866 980407.29 980801.06 363.46 -30.31 -133.09 1.28 -162.12
189 47.0073 -113.3548 3845 980410.25 980800.61 361.49 -28.87 -132.37 .77 -160.47
190 47.0538 -112.8905 4785 980356.61 980804,81 449.83 1.63 -164.59 6.75 -156.21
191 47.0663 -112.9520 4450 980379,81 980805.94 418.35 -7.78 -153.11 3.17 -157.72
192 47.0473 -113.0428 4460 980367.81 980804.22 419.29 -17.12 -153.46 1.46 -169.12
193 47.1052 -113.1475 4145 980396.79 980809.45 389.69 -22.97 -142.66 2.97 -162.66
194 47.0797 -113.1433 4157 980385.29 980807.14 -91.01 -30.84 -141.63 1.56 -170.91
Appendix B
Computer Program for Reducing Gravity Data
The following FORTRAN computer program calculates theo­
retical gravities, elevation corrections, Free-Air anomalies, 
Bouguer corrections, and complete Bouguer anomalies for all 
gravity stations. The computations were made according to 
the methods described by Dobrin (1976, p. 368-373). Theo­
retical gravity (/) at sea level was computed using the 
International Gravity Formula from the "Geodetic Reference 
System 1967", International Association of Geodesy, Special 
Publication, No. 3. This formula is:
978031 ,85(1+0. 00 5278895sin^ +0 . 00002 3462sin^^ ) mgals
The following pages include a copy of a printout of the com­
puter program. An example of the input file is given in the 
printout, as well as user instructions. The output file is 
in the form of Appendix A.
C...THIS PROGRAM COMPUTES THE THEORETICAL GRAVITY, ELEVATION 
C*..CORRECTION, FREE AIR ANOMALY, BOUGUER CORRECTION, AND 
C...COMPLETE BOUGUER ANOMALY FOR EACH GRAVITY STATION IN THE 
C...DATA FILE CALLED "GR.DAT" AND PRESENTS THE RESULTS IN 
C...TABULATED FORM.
C . . .
C...THE DATA FILE, GR.DAT, CONTAINS THE FOLLOWING INFORMATION 
C...ABOUT EACH STATION IN THE SURVEY
C... 1) LATITUDE IN DEGREES AND DECIMAL DEGREES (X)
C... 2) LONGITUDE IN DEGREES AND DECIMAL DEGREES (B)
C... 3) ELEVATION IN FEET (E)
C... 4) GRAVITY IN MGALS (GS); WHICH IS THE DIFFERENCE
C... BETWEEN A MASTER BASE STATION AND A STATION
C... 5) TERRAIN CORRECTION IN MGALS (TC)
C . a .
C...AN EXAMPLE OF THE DATA FILE IS THE FOLLOWING:
C... 46.9188 -112.9715 4309 -30.52 0.56
C... 46.9336 -112.9529 4318 -17.28 1.03
C... 46.9425 -112.9464 4314 10.79 0.72
C . . .
C. . .LINE NUMBERS MUST BE REMOVED FROM DATA FILE 
C...BEFORE PROGRAM IS RUN.
C __
C  THE PROGRAM CONTAINS AN OPTION FOR CREATING A FILE
C...FOR PLOTTING A MAP WITH THE CALCOMP PLOTTER. 'MAPP5*
C...USES THE FILE TO PLOT STATION NUMBERS OR GRAVITY READINGS 
C...AT THE DESIRED SCALE.
C. . .
C...PROGRAM MODIFIED BY JON CANTWELL, APRIL 1980.
DOUBLE PRECISION AA,BB,CC,DD,G ,D
OPEN(UNIT=6,DEVICE=’DSK',ACCESS='SEQIN',FILE='GR.DAT') 
OPEN(UNIT=8,DEVICE='DSK*,ACCESS=*SEQOUT*,FILE='GO.DAT’) 
C...NEXT TWO LINES CONTAIN VALUES FOR THE PLOTTER FILE. FF1=.075 
NFF=8
C...NEXT FOUR LINES CONTAIN VALUES FOR THE INTERNATIONAL 
C...GRAVITY FORMULA— USED TO COMPUTE THEORETICAL GRAVITY AT C...EACH GRAVITY STATION 
AA=978031.85 
BB=0.005278895 
CC=0.000023462 
DD=6.283185307
N=0C...PROGRAM ASKS USER FOR THE ACCELERATION OF GRAVITY (MGALS)
C ...OF MASTER BASE STATION.
TYPE 10
10 FORMAT(IX,"ENTER GRAVITY (MGAL) OF MASTER BASE STAT.')
ACCEPT 12,BASVAL 
12 FORMAT(F)
C...PROGRAM ASKS USER IF PLOTTER FILE IS DESIRED.
TYPE 14
14 FORMAT(IX*DO YOU WANT A PLOTTER FILE CREATED? *$)
ACCEPT 16,IANSER 
16 FORMAT(A5)
WRITE(5,20)BASVAL 
20 FORMAT(IX,'ACCELERATION OF GRAVITY AT BASE STATION= '
1F10.3* MILLIGALS'/)
WRITE(5,600)
600 FORMAT(1X,*STA. LAT. LONG. ELV. OBS.
1 - THEOR. + EL.CR. = F.AIR + B.CR. + T.C. =2C.B.AN')
100 N=N+1
READ(6,1000,END=800)X,B,E,GS,TCO 
1000 FORMAT(5F)
D=X*DD/360 
C...COMPUTES THEORETICAL GRAVITY
G=AA*(1.+BB*(DSIN(D))**2,+CC*(DSIN(D))**4.)
C  COMPUTES ELEVATION CORRECTION
ELCOR=.09406*E 
C...COMPUTES BOUGUER CORRECTION 
BCOR=-.0 340 7*E 
C...ACCELERATION OF GRAVITY AT MASTER BASE STATION 
C...ADDED TO ALL STATION READINGS.
GRAW=BASVAL+GS 
C...COMPUTES FREE AIR ANOMALY 
GFA=GRAW+ELCOR-G 
C ...COMPUTES BOUGUER ANOMALY 
GBG=GFA+BCOR 
DDD=D*360./DD 
C...COMPUTES COMPLETE BOUGUER ANOMALY 
TOT=GBG+TCO 
NE=E
WRITE(5,700)N,DDD,B,NE,GRAW,G,ELCOR,GFA,BCOR,TCO,TOT
700 FORMAT(1X,I3,2X,F7.4,2X,F9.4,2X,I4,2(2X,F9.2),
12(2X,F6.2),2X,F7.2,2X,F4.2,2X,F7.2)
E=NE
IF(IANSER.NE. *YES *) GO TO 99 .
WRITE(8,701)DDD,B ,FF1,NFF,TOT
701 FORMAT(1X,F8.4,F10.4,F5.3,I3,F10.2)
99 GO TO 100
800 STOP
END
Appendix C
Results of Two-dimensional Gravity Modelling 
The following list of values were used to construct 
cross sections A-A* and B-B* (Fig, 4 and 5), Computations 
for the gravity modelling were made with the computer pro­
gram presented in Appendix D. Explanations for the headings 
appearing in the list are :
Location number
Calculated anomaly
Observed anomaly
Residual anomaly
Depth
The distance (in km) along the 
line of section.
Calculated anomaly value for the 
estimated depth at a given loca­
tion along the line of section.
The value (in mgals) taken from 
the gravity profile, minus the 
regional gravity profile value.
The difference (in mgals) between 
the observed anomaly and the cal­
culated anomaly for a given loca­
tion on the line of section.
The estimated depth (in m) at a 
given point along the line of 
section,
Gravity Profile A-A’ 
Location Calculated Observed Residual
number 
(in km)
anomaly - 
(in mgals)
anomaly 
(in magls)
anomaly 
(in mgals)
Depth 
(in m)
0 1.911 3.000 -1.089 0.1
1 6.051 6 .000 0 .051 180
2 9.538 9.500 0 .038 310
3 14.034 14 .000 0 .034 4 30
4 20.556 20.500 0 .056 835
5 26.551 26.500 0.051 1338
6 30.969 31.000 -0.031 1900
7 33.713 33.000 0.713 1900
8 35.094 35.000 0 .094 2100
9 34.801 35.000 -0.199 2600
10 32.008 32 .000 0 .008 2185
1 1 26.054 26 .000 0 .054 1260
12 16.929 17.000 -0.071 415
13 9,015 9 .000 0.015 180
14 3.401 2 .000 1 .401 0.1
Gravity Profile B-B*
Location Calculated Observed Residual Depthnumber anomaly anomaly = anomaly
(in km) (in mgals) (in mgals) (in mgals) (in m!
0 0.407 0 .800 -0.393 0.1
1 1 .326 1 .300 0.026 25
2 4.690 4 .700 -0.010 200
3 6.938 7.000 -0.062 235
4 12.012 12.000 0.012 505
5 16.204 16.300 -0 .096 1125
6 16.553 16.500 0 .053 940
7 14.773 14.700 0.073 765
8 11.776 11 .800 -0 .024 605
9 7.067 7.000 0 .067 250
10 4.041 4.100 -0.059 150
11
11.4
2.072 2 .000 0.072 75
0.1
Appendix D
Computer Program for Two-dimensional Gravity Modelling 
The following pages contain a copy of the printout of 
the FORTRAN computer program used for two-dimensional model­
ling of the observed gravity profiles A-A' and B-B* (Fig. 4 
and 5). The program is based on the method described by 
Talwani and others (1959). User instructions are given in 
the printout.
c THIS PROGRAM COMPUTES THE GRAVITY ANOMALY FOR ESTIMATED
C BEDROCK DEPTHS ALONG A PROFILE CROSSING A BASIN FILLED
C WITH DEPOSITS OF LESSER DENSITY THAN THE BEDROCK.
C
C THE BEST FIT BETWEEN THE OBSERVED ANOMALY AND THE
C COMPUTED ANOMALY IS ACHIEVED BY TRIAL AND ERROR.
C
C THE USER ASSUMES THE FOLLOWING:
C 1) THE BEDROCK TO VALLEY DEPOSIT DENSITY CONTRAST IS
C CONSTANT.
C 2) THE ANOMALIES AND THE INFERRED BEDROCK CON-
C FIGURATION EXTEND INFINITELY NORMAL TO THE CROSSC SECTION.
C
C THE USER CREATES AN INPUT FILE ENTITLED "B.DAT".
C THE FIRST LINE OF B.DAT CONTAINS THE FOLLOWING :
C 1) THE NUMBER OF EQUALLY SPACED POINTS ALONG THE LINE
C OF SECTION (KKK).
C 2) THE DISTANCE BETWEEN THE PROFILE POINTS IN METERS
C (CO).
C 3) THE NUMBER OF SIDES, OR POINTS, IN THE POLYGON (N).
C 4) THE DENSITY CONTRAST (DENS)
C
C THE FIRST LINE IS FOLLOWED BY LINES GIVING THE COOR- 
C DINATES FOR EACH POINT IN THE POLYGON (PRESENTED IN
C CLOCKWISE MANNER ONE SET OF COORDINATES PER LINE) .
C THESE LINES ARE FOLLOWED BY THE OBSERVED ANOMALY AT EACH
C POINT ON THE PROFILE (STARTING WITH POINT 0)
C ***NOTE***
C THE Z (DEPTH) COORDINATE IS GIVEN FIRST ON EACH LINE 
C FOLLOWED BY THE X COORDINATE. ***NOTE*** THE Z
C COORDINATE MUST NOT BE ZERO— USE 0.1 FOR ZERO.C
C A SAMPLE DATA FILE "B.DAT" IS THE FOLLOWING:
C 4 1000 3 ,5
C 0.1 4000
C 500 1800'
C 0 . 1 0
C 1
C 12
C 1 1
C 1
C
DIMENSION XX(300) ,X(51) ,Z (51) ,GSUM(300) ,XA(51) ,ZA(51) 
DIMENSION POLY(51),RES(51),GO(51)
TAN(X)=SIN(X)/COS(X)
PI=3.1415927
OPEN ( UNIT=5 , DEVICE= ' DSK ' , ACCESS= ’ SEQIN ' , FILE= ' B . DAT ' ) 
READ(5,1000) KKK,CO,N,DENS
1000 FORMAT(2(I,F))
DO 1040 J=1,N
READ(5,1050) Z (J),X(J)
1050 FORMAT(2F)
1040 CONTINUE
DO 1008 1=1,KKK 
READ(5,1010) GO(I)
1010 FORMAT(F)
1008 CONTINUE
C  ZERO THE POLY ARRAY
DO 925 1=1,KKK 
9 25 POLY(I)=0.
GEE=6.67E-3 
900 CONTINUE
DO 20 1=1,N 
XA(I)=X(I)
ZA(I)=Z (I)
20 CONTINUE 
X(N+1)=X(1)
Z(N+1)=Z(1)
DIST=-CO 
C...ZERO THE GRAVITY ARRAY 
DO 920 1=1,KKK 
920 GSUM(I)=0.
DO 600 K=1,KKK 
DIST=DIST+CO XX(K)=DIST 
49 6 FORMAT(/)
25 DO 500 1=1,N 
J=I+1 
A=X(I)
B=X(J)
C=Z(I)
D=Z(J)
GO TO 49
50 GZ=0.0 
PHI=0.0 
GO TO 499
C THE FOLLOWING LOGIC TESTS FOR SPECIAL CASES 
49 IF(A) 71,51,71
51 IF(C)52,50,52
52 IF(B) 53,50,53
53 IF (C-D) 110,130,110
71 IF(B) 72,81,72
72 THETA1=ATAN(C/A)
THETA2=ATAN(D/B)
IF (THETA1-THETA2) 73,50,73
73 IF (A-B) 74,140,74
74 IF (C-D) 160,130,160
81 IF(C-D) 82,130,82
82 IF(D-B) 120,50,120
C COMPUTATION FOR CASE ONE 
110 CALL APCHEC(A,B,C,D,PHI)
CALL ATERM(A,B,C,D,PHI,AA)CALL A2CHEK(B,D,T2)
ALPHA=T2-PI/2 . 0 
TPHI=((D-C)/(B-A))
BETA=TPHI*ALOG(COS(T2)* (TAN(T2)-TPHI)) 
490 GZ=AA*(ALPHA+BETA)*(-1.0)
GO TO 499 
C COMPUTATION FOR CASE TWO 
120 CALL APCHEC(A,B,C,D,PHI)
CALL ATERM(A,B,C,D,PHI,AA)
CALL A1CHEC(A,C,T1)
ALPHA=T1-PI/2.0 
TPHI=((D-C)/ (B-A))
BETA=TPHI*ALOG(COS(T1)*(TAN(T1)-TPHI)) 
GZ=AA*(ALPHA+BETA)
GO TO 499 
C COMPUTATION FOR CASE THREE
130 IF(A) 131,132,131
131 IF(B) 134,133,134
132 Tl=PI/2.0
CALL A2CHEK(B,D,T2)
GO TO 135
133 T2=PI/2.0
CALL A1CHEC(A,C,T1)GO TO 135
134 CALL A1CHEC(A,C,T1)
CALL A2CHEK(B,D,T2)
135 GZ=C*(T2-T1)
PHI=0.0
GO TO 499 
C COMPUTATION FOR CASE FOUR 
140 CALL A1CHEC(A,C,T1)
CALL A2CHEK(B,D,T2)
GZ=A*ALOG(ABS((COS(T1))/(COS(T2))))
PHI=0.0
GO TO 499
C COMPUTATION FOR THE GENERAL CASE 
160 CALL APCHEC(A,B,C,D,PHI)
CALL ATERM(A,B,C,D,PHI,AA)
CALL A1CHEC(A,C,T1)
CALL A2CHEK(B,D,T2)
ALPHA=T1-T2 
TPHI=((D-C)/(B-A))
R1=COS(T1)*(TAN(T1)-TPHI)
R2=COS(T2)* (TAN(T2)-TPHI)
1111 R=R1/R2
BETA=TPHI*ALOG(R)
GZ=AA*(ALPHA+BETA)
499 GSUM(K)=GZ*2•0*DENS*GEE+GSUM(K)
500 CONTINUE 
NN=N+1
DO 10 1=1,NN 
X(I)=X(I)-CO
10 CONTINUE 
600 CONTINUEC FOR HORIZONTAL DISTANCE OUTPUT IN METERS, DROP THIS DO LOOP 
DO 12 K=1,KKK 
XX(K)=XX(K)/1000.0 
12 CONTINUE
TYPE 905
DO 79 2 K=1,KKK
RES(K)=GSUM(K)-GO(K)
TYPE 910,XX(K),GSUM(K),GO(K),RES(K)
79 2 CONTINUE
905 FORMAT(' X(KM) CAL.G - OBS.G = RES.')
910 FORMAT(F9.2,2X,F7.3,2X,F7- 3,2X,F7.3)
607 CONTINUE 
STOP 
END
SUBROUTINE ATERM (AX,BX,CX,DX,P2,AA)
A1=BX+(DX*C(BX-AX)/(CX-DX)))
AA=A1*SIN(P2)*COS(P2)
RETURN
ENDSUBROUTINE AlCHEC (XA,XC,T1)
PI=3.1415927 
IF (XC/XA) 2,4,4 
2 T1=ATAN(XC/XA)+PI 
GO TO 114 T1=ATAN(XC/XA)
11 CONTINUE 
RETURN 
END
SUBROUTINE A2CHEK (XB,XD,T2)
PI=3.1415927 
IF (XD/XB) 5,6,6
5 T2=ATAN(XD/XB)+PI 
GO TO 11
6 T2=ATAN (XD/XB)
11 CONTINUE
RETURN
END
SUBROUTINE APCHEC (XA,XB,XC,XD,PHI)
PI=3.1415927
IF ((XD-XC)/(XB-XA)) 7,8,8
7 PHI=ATAN((XD-XC)/(XB-XA))+PI 
GO TO 1 1
8 PHI=ATAN( (XD-XC)/(XB-XA) )
11 CONTINUE
RETURN
END
Appendix E
Outer Terrain Corrections for Gravity Stations
For future gravity work in the Blackfoot-Nevada Valley 
area, a list of "outer" terrain corrections for point loca­
tions within the study area is presented in the following 
pages. The corrections are given in milligals and were 
determined with an assumed average rock density of 2.67 g/cm^ 
The corrections have been made from 89 5 m from the point 
locations out to 167 km by digital computer (U. S. Geological 
Survey, Denver).
The corrections may be plotted on a map and contoured, 
providing a source from which outer terrain corrections may 
be readily estimated for most any point in the study area. To 
obtain the full terrain correction for a given point, one 
needs only to make an inner terrain correction (out to, and 
including Zone F , see Hammer, 19 39) by hand template and add 
this value to the estimated outer terrain correction.
OUTER TERRAIN OUTER TERRAIN
LATITUDE LONGITUDE CORRECTION LATITUDE LONGITUDE CORRECT
46.8610 -  'U.9W58 .57 46.9466 -112.8997 2.86
46.8608 13.0064 .56 46.9400 -112.8824 2.52
46.9042 - 13.0597 .53 46.9437 -112.9263 3.84
46.8899 - 13.0545 .58 46.9335 -112.9427 1.55
46.8901 - 13.0736 .87 46.8783 -112.9115 1.35
46.8875 - 13.0929 1.41 46.8818 -112.9014 1.72
46.9008 - 13.1097 1.13 46.8944 -112.9239 1.03
46.8861 - 13.0493 .58 46.9044 -112.9211 1.30
46.8753 - 13.0378 .63 46.9130 -112.9067 3.50
46.8575 - 12.9697 . 65 47.0200 -112.9516 1.75
46.8341 12.9914 .73 47.0202 -112.9956 .99
46.8187 13.0406 1.31 47.0708 -113.1965 .91
46.8535 - 12.9644 • 66 47.0882 -113.1972 1.38
46.8739 -  '12.9682 .57 47.0634 -113.1788 1.57
47.0421 - 13.2596 .96 47.0523 -113.1754 2.19
47.0923 - 13.2590 1.08 47.0366 -113.1598 1.51
47.1021 - 13.2652 1.38 47.0056 -113.1547 .72
47.1358 - 13.3233 1.97 47.0056 -113.1714 .90
47.0417 - 13.1316 1.03 47.0131 -113.1269 .67
47.0769 - 13.0944 1.93 47.0346 -113.1331 .71
47.0703 - 13.1151 1.61 47.0508 -113.1295 1.09
47.0270 - 13.0626 1.28 47.0636 -113.1324 1.31
47.0346 - 13.0524 .91 47.0839 -113.1436 1.95
47.0069 - 13.0486 .84 47.0922 -113.1436 4.38
47.0195 - 13.0356 .93 46,9854 -112.9747 1.01
47.1280 - 13.2804 3.42 46.9973 -112.9636 1.35
47.1222 - 13.2600 3.37 47.0462 -112.9850 1.33
47.0436 - 13.1968 .95 46.9335 -112.9638 .79
46.9925 - 13.0179 .64 46.9334 -112.9849 .52
46.9871 - 13.0057 .66 46.9044 -112.9799 .46
46.9189 - 12.9639 .58 46.9261 -113.0173 .37
OUTER TERRAIN OUTER TERRAIN
LATITUDE LONGITUDE CORRECTION LATITUDE LONGITUDE CORREC
46.9188 -  '12.9531 .67 47.0817 — '13.1545 2.11
46.9336 12.9529 1.02 47.0723 - 13.1339 1.80
46.9478 12.9584 2.33 47.0424 - 13.2139 .82
46.9188 - 12.9971 .45 47.0178 -  '13.2389 1.35
46.9186 - 13.0487 .41 47.0054 - 13.2386 1.38
46.9330 13.0722 .62 46.9543 -  '13.1321 1.64
46.9331 -  '13.1044 1.08 46.9963 13.2316 1.66
46.9682 12.9952 .61 47.1211 - ‘13.3178 2.25
46.9461 13.0101 .40 47.1139 - 13.3233 1.72
46.9476 - 13.0485 .36 47.1068 - '13.3231 1.45
46.9477 13.0805 .43 47.1067 - 13.2923 1.34
46.9744 - 12.9733 1.12 47.1068 - 13.2813 1.48
46.9915 - 12.9849 1.00 47.0308 - 13.2600 .96
46.9914 - 13.0058 .69 47.0506 - 13.2601 .75
46.9966 - 13.0273 .67 47.0634 - '13.2600 .79
47.0201 - 13.0062 .97 47.0760 - 13.2469 .87
47.0201 - 12.9638 1.46 47.0741 - '13.2330 .76
47.0353 - 12.9639 1.36 47.0634 - 13.2081 .79
47.0773 - 12.9570 4.78 47.0548 - '13.1965 .79
47.0058 - 13.0061 .81 47.0519 - 13.2789 1.16
47.0334 - 12.9272 2.17 47.0626 - '13.3112 1.06
47.0614 - 12.9214 3.20 47.0778 - '13.2904 1.15
47.0056 - 12.9636 1.92 47.0924 13.2950 1.26
47.0056 - 13.0803 .57 46.8754 -  '12.9308 .93
46.9973 13.0891 .56 46.8261 - '12.8928 2.44
46.9912 - '13.1079 .62 46.8316 12.9235 1.60
47.0056 - 13.1064 .59 46.8408 12.9378 1.10
47.0056 13.1333 .78 46.9115 12.9531 .61
47.0346 -  '13.0994 .74 46.9044 12.9526 .63
47.0476 13.0438 1.75 46.8931 - ■12.9418 .66
47.0491 13.1011 .91 46.8647 - 12.9747 .58
LATITUDE LONGITUDE
OUTER TERRAIN 
CORRECTION
46.9192 -113.0275 .35
46.9115 -113.0278 .37
46.9047 -113.0297 .42
46.9332 -113.0914 .56
46.9417 -113.0786 .42
46.9641 -113.0911 .45
46.9332 -113.0061 .39
46.9810 -113.0698 .55
46.9802 -113.0595 .48
46.9840 -113.0484 .50
46.9191 -112.9214 3.06
